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Abstract
The aim of the present work was to further explore the physiological roles of muscle-derived
IL-6. Adult-floxed and conditional skeletal muscle IL-6 knock out male and female mice were
used to study energy expenditure (indirect calorimetry at rest and during treadmill exercise,
and body temperature cycle during the light phase) and energy intake (response to fast/
refeeding). We also evaluated the responses to leptin and the activity of the insulin signalling
pathway in skeletal muscle and liver by phosphorylation of Akt at Ser 473. The stress
response was also studied. Results indicate a relevant role of muscle IL-6 in maintaining
energy homeostasis, especially in males. Absence of muscle IL-6 in male mice results in
lower core body temperature in the light phase, increased respiratory exchange ratio (RER)
both at rest and during exercise, increased expression of TCA cycle marked gene, citrate
synthase in muscle, reduced fat storage and decreased body weight and food consumption
in response to leptin. In females, muscle IL-6 deficiency increases VO2 and CO2 levels simi-
larly. Also in contrast to males, energy expenditure (EE) measured over 48h reveals a signif-
icant elevation in female mice with muscle IL-6 deficiency; moreover, they show a modified
response to fasting-refeeding and to restraint stress. The present results contribute to the
understanding of the role of muscle IL-6 in male and female mouse metabolism, not only
during exercise but also in the basal state and in situations where energy balance is altered.
Introduction
Obesity represents one of the most serious health problems, resulting from an imbalance
between energy intake and expenditure. Nutrients are used to obtain energy for metabolic
basal rate, temperature homeostasis, and muscle function, whereas the excess of fuels is stored
as fat. Energy expenditure is the counterpart of food intake, and body weight is stable when
both energy expenditure and intake are in balance. The central nervous system (CNS) is a key
player in both sensing and responding to changes in energy flux. To maintain balance or
homeostasis, the CNS senses fuel availability and generates a response to the neural circuits
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that control food intake and energy expenditure. Basal metabolism, thermogenesis, and physi-
cal activity are each controlled by different pathways and effector organs [1–3].
The muscle is considered to be a major tissue for the disposal of both glucose [4] and fatty
acids [5]. In addition to its obvious roles in motility, skeletal muscle plays a central role in the
control of whole-body metabolism. Interleukin-6 (IL-6) can be classified as a myokine when
its origin is the skeletal muscle; it is upregulated and secreted into the bloodstream in response
to muscle contraction [6]. Putative roles of IL-6 in the adaptations of muscle associated with
fasting or exercise have been extensively studied [6–8].
It is becoming increasingly recognized that obesity results in a chronic low grade inflamma-
tion accompanied by increased production of cytokines such as IL-6 [9,10]. In this way the cir-
culating IL-6 level correlates with adipose tissue mass [9]. Several studies demonstrated that
systemic- IL-6 KO mice develop mature-onset obesity [11,12] whereas adeno-associated viral
delivery of IL-6 in rat hypothalamus [13] or central over-expression of IL-6 [14,15] decreased
fat content and body weight gain. These results strongly suggest that IL-6 is involved in the
control of body weight. Moreover, IL-6 could cause these effects through regulation of hypo-
thalamic neuropeptides involved in energy homeostasis [15–17].
Circulating IL-6 may have access to the CNS [18] to regulate energy balance, but it may also
affect peripheral tissues [7,19]. How peripheral IL-6 is involved in body weight regulation
remains to be clearly established. To give some insight into this problem, we have produced
floxed mice for IL-6 [20] and deleted its expression specifically in skeletal muscle using myosin
light chain 1f(Mlc)-Cre mice [21]. In previous studies we demonstrated that muscle IL-6 defi-
ciency did not cause major morphological alterations of skeletal muscle fibers [22]. In contrast,
it did have a role in the control of body weight and body fat in a gender specific manner despite
no evidence of an alteration in food intake [23]. Presumably, alteration of body weight without
concomitant changes in food intake is due to altered energy expenditure [24]. The aim of the
present work was to expand previous results exploring how muscle-derived IL-6 influences
these two aspects of energy metabolism, and if phenotypical differences exist between sexes. In
order to do so we used indirect calorimetry at rest and during treadmill exercise, and measured
body temperature in the light phase. In addition, we evaluated the response to fast/refeeding
and leptin administration. Finally, in order to determine whether the results were affected by a
stress response or by changes in insulin response, we evaluated the pituitary-adrenal response
to stress and the muscle and liver insulin-signalling pathway.
Material and methods
Animals
Muscle-specific IL-6 KO mice (muscle IL-6 KO) were generated as described previously [23].
Briefly, floxed IL-6 mice [20], with further (>10) backcrossing with C57Bl/6 mice, were
crossed with myosin light chain 1f(Mlc)-Cre mice, generously provided by Dr. Steve Burden
[21]. The progeny was genotyped by PCR analysis of DNA extracted from tails. Muscle IL-6
mRNA levels were significantly decreased in muscle IL-6 KO mice compared to floxed mice
[22,23]. Male and female mice were kept under constant temperature and standard 12-h light/
12-h dark cycle. All mice received standard chow diet (Global Diet 2018, Teklad, Envigo) with
free access to food and water unless otherwise stated. A general overview of some of the experi-
ments carried out is shown in Fig 1.
Ethical approval
Ethical approval for the use and experimentation of all mice in this study was obtained from
Animal and Human experimental Ethics Committee of the Universitat Autonoma de
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Barcelona in agreement with the ethical and legal requirements (5/1995/Generalitat de Catalu-
nya, 214/1997/Generalitat de Catalunya, Real decreto 1201/2005, 86/609/CEE, 91/628 and 92/
65/UE; DAAM: n˚ 4522) following the “Principles of Laboratory Animal Care,” (2010). The
animals were manipulated by authorized experimenters and daily monitored to minimize suf-
fering and stress. No administration of analgesics was necessary.
Energy expenditure experimental procedures
Indirect calorimetry, locomotor activity and food intake analyses. Three to four-
month-old muscle IL-6 KO and floxed male (n = 7/8) and female (n = 8/8) mice were studied
separately after transport to Madrid’s calorimetric laboratory (Fig 1A).
Indirect calorimetry analyses were carried out using a 16-chamber TSE PhenoMaster moni-
toring system (TSE Systems GmbH, Bad Homburg, Germany). Mice were moved into the
room where the apparatus was located 4 days before measurements, and were placed in indi-
vidual measuring cages for at least 24 h prior to the beginning of the experiment. Full access to
food and water was continuously available, and their intake was monitored using built-in
devices located within each cage. Calorimetry measurements were carried out during a period
of 48 h, according to animal weight, to exclude that changes in body weight would contribute
to differences in energy expenditure measurements [25]. The mice were on a 12- hour light-
dark cycle (lights on at 08:00) and room temperature was maintained at 22 ± 2˚C. Oxygen con-
sumption and CO2 release were measured. From these values, respiratory exchange ratio
(RER) was determined as VCO2/VO2 and energy expenditure was calculated as EE = (3.185
Fig 1. Experimental designs. A: Indirect calorimetry parameters (VO2, VCO2, RER, and EE) in male and
female muscle IL-6 KO (7/8) and floxed (8/8) mice, were analysed in resting (light and dark phases) and in
treadmill exercise conditions. Weight, food and water intake and activity were controlled daily. B: Floxed and
muscle IL-6 KO 3–4 month-old male (n = 13/12) and female (n = 14/14) mice were used for fasting and
refeeding (F&R) and after recovery for leptin response studies. Several days of acclimatization to isolation
and twice daily injection were required. Body weight and food intake were registered daily throughout the
whole period (23 days), and specifically (0, 4, 24 and 48h; and 1, 2, 3, 4, 24 and 48h, respectively) when it was
necessary for the experimental conditions (F&R). C: Floxed and muscle IL-6 KO 5–6 month-old male (n = 11/
10) and female (9/10) mice were subjected to 60 minutes of restraint stress and then recovered for 120
minutes, after which they were euthanized and the trunk blood obtained. Tail blood was obtained at 0, 30 and
60 min of restraint stress.
https://doi.org/10.1371/journal.pone.0173675.g001
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+ 1.232 x RER) x VO2. Total locomotor activity (ambulatory and fine) was simultaneously
measured on the X and Y axes using an infrared photocell beam interruption method.
Indirect calorimetry during acute exercise. Oxygen consumption and CO2 release dur-
ing an acute running exercise were measured in a closed one-lane treadmill chamber tilted at
an angle of 12.5˚ from horizontal, using a TSE PhenoMaster monitoring system (TSE Systems
GmbH, Bad Homburg, Germany) (Fig 1A). Each mouse was individually placed in the tread-
mill chamber for 5 min for equilibration of gas before measurements were taken. After this,
two basal gas measurements were taken at one-minute intervals. The treadmill speed was ini-
tially set at 0.15 m/s for 2 minutes, and then increased at 0.2 m/s and maintained constant
for a further two-minute period. After this, acceleration was introduced, so that speed was
increased by 0.05 m/s every two minutes. Mice were encouraged to run by delivering a small
electric discharge (1.0 mA) from an electrode located at the lower end of the treadmill. The
elapsed time to the first shock and the distance run were also recorded. A cut-off time of 22
min equivalent to a speed of 0.65 m/s was established. All mice tested kept running throughout
the duration of the experiment.
Temperature cycle. Temperature was measured by a lubricated rectal probe (Cibertec)
during the light phase at 7, 11, 15 and 19 hours in 5-6-month-old floxed and muscle-IL6 KO
male (weight = 30.7 ±2.5 g and 30.27 ± 2.9 g, respectively; n = 11/10) and female (weight = 23.0
±1.5 g and 23.6 ± 1.7 g, respectively; n = 9/10) mice.
Energy intake experimental procedures
Floxed and muscle-IL6 KO 3–4 month-old male (n = 13/12) and female (n = 14/14) mice were
used for energy intake studies (Fig 1B). In order to study the response to fasting and refeeding
and to leptin treatment mice were individually housed. Because of this, adaptation of the ani-
mals to isolation was first monitored daily for 7–8 days (males and females, respectively) by
evaluation of food intake and weight of mice.
Fasting and refeeding. After the 7–8 days of isolation, mice were fasted overnight (12–14
h), and the next morning glycaemia and body weight were recorded, and refeeding initiated
(Fig 1B, left). Food consumption was tested 1, 2, 3, 4, 24, and 48 h after refeeding, and body
weight was measured 4, 24 and 48 h after refeeding. Glycaemia was measured in tail samples
with an ACCU CHECK glucometer (Roche) at the end of fasting and 4 h after refeeding.
Leptin treatment. In order to determine the role of muscle IL-6 deficiency in a situation
similar to high level of energy storage, injection of leptin was carried out with the same animals
used in the fasting and refeeding experiment after their body weight had recovered (Fig 1B,
right). To better control the effect of leptin, animals were previously adapted to the injection
procedure for 10 days. Adaptation included two intraperitoneal (i.p.) saline injections at 9:30
and 17:00 h; body weight and food intake were measured during this adaptation period. After
the 10th day of saline injections, the two daily injections of saline were replaced with two injec-
tions of 120 μg of recombinant human leptin (Peprotech) or vehicle (PBS 0.1% BSA) (i.p).
Body weight and food consumption were recorded daily.
On the 4th day, in the morning, 3 hours after the leptin/vehicle injection, animals were
weighed and euthanized by decapitation. Blood was collected from the trunk and allowed to
clot for obtaining the serum, where several metabolites were analysed. The brain was removed,
and the hypothalamus dissected and snap-frozen in liquid nitrogen for RT-qPCR. Liver, vis-
ceral (gonadal) and subcutaneous (inguinal region) white adipose tissue (WAT), and inter-
scapular brown adipose tissue (BAT) were removed and weighed. Tibialis anterior, WAT and
BAT were snap-frozen in liquid nitrogen for RT-qPCR analysis.
Muscle IL-6 in gender-specific metabolism
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Insulin signalling pathway
The effects of muscle IL-6 deficiency on body weight, fat regulation and tolerance to insulin
administration have been previously shown [23]. To further analyse the effects of muscle IL-6
absence, the activation of Akt after 30 min after insulin administration (i.p. 1 UI/animal) in
mice starved for 4 h was studied in two muscle types, soleus (mostly oxidative) and tibialis
anterior (mostly glycolytic) and liver by western blot. Insulin or vehicle was injected in muscle
IL-6 KO (n = 8/6) and floxed (n = 7/5) male and muscle IL-6 KO (n = 8/7) and floxed (n = 7/6)
female mice. In order to compare all samples, several repeated samples were loaded in all gels,
and the gel-to-gel variation coefficient was calculated and applied.
Stress response
Because it is considered that experimental procedures that are associated with isolation or
injection (such as fasting-refeeding and leptin treatment) may trigger a stress response, we
performed acclimatization to these procedures prior to the experiments (Fig 1B). Since we
observed differences between genotypes and sexes during these acclimatization periods, we
designed an experiment to analyze the stress response by studying the Hypothalamus-Pitui-
tary-Adrenal axis (HPA) (Fig 1C). Restraint stress was carried out in a 50-ml ventilated conical
tube for 60 min [26]. Floxed and muscle-IL6 KO 5–6 month-old male (n = 11/10) and female
(9/10) mice were subjected to restraint stress. Tail blood was collected at 0, 30 and 60 min dur-
ing stress time and after 120 min of recovery time (180 min), after which mice were euthanized
by decapitation. The adrenal glands were removed, weighed and stored (-80˚C), and the hypo-
thalamus was dissected, snap-frozen in liquid nitrogen, and stored at -80˚C for RT-qPCR.
Plasma corticosterone levels were determined by radioimmunoassay (RIA). Total adrenal pro-
tein was analysed by the BCA (Sigma, St. Louis, MO) procedure. The levels of Steroidogenic
Acute regulatory protein (StAR) as well as of phosphorylation of Stat3 (that might reflect acti-
vation of the IL-6 signalling pathway) in adrenal homogenates were quantified by western
blotting.
Analyses
Quantitative real time PCR. Total RNA was isolated from frozen tibialis anterior, subcu-
taneous WAT and BAT using Tripure reagent (Roche Diagnostics Corporation, Indianapolis,
IN) according to the manufacturer’s instructions. Analysis of IL-6, Fgf21,Cs, Pdha-1, Ech1,
Hadha, Bckdha, Bckdhb, CD36 and Fabp3 expression in tibialis anterior; IL-6, Fgf21,Ech1,
Hadha, CD36 and Fabp3 expression in subcutaneous WAT; and IL-6 and Fgf21 expression in
BAT were carried out in mice treated with vehicle or leptin.
Total RNA isolation from frozen hypothalamus was performed using Maxwell RSC sim-
plyRNA tissue Kit and Maxwell RSC instrument (Promega), according to the manufacturer’s
instructions. Reverse-transcription was performed using the iScriptTM cDNA Synthesis kit
(BIO-RAD) following manufacturer’s instructions. Quantitative real time PCR (qPCR) was
performed with iCycler Thermal Cycler (BioRad) using iTaqth Universal SYBR1 Green
Supermix (BIO-RAD) to detect the amplification products. Analysis of Trh, Crh, IL6, Socs 3,
and Mt1 expression in the response to stress experiment, and Agrp, Crh, Pomc, Hcrt, Pmch and
Npy expression in the leptin experiment were carried out. Relative quantification of mRNA
expression was normalized to the standard housekeeping gene Gadph and expressed as fold
changes relative to the control group. Table 1 shows the primer sequences used for each gene.
Radioimmunoanalysis. Corticosterone RIA used 125I-corticosterone–carboxymethylox-
ime–tyrosine–methylester (MP Biomedicals, France) as the tracer, synthetic corticosterone
(Sigma, Barcelona, Spain) as the standard, and an antibody raised in rabbits against
Muscle IL-6 in gender-specific metabolism
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corticosterone–carboxymethyloxime-BSA, which was kindly provided by Dr. G. Makara (Inst.
Exp. Med., Budapest, Hungary) to Dr A. Armario. The characteristics of the antibody and the
basic RIA procedure have been described previously [27]. All samples to be statistically com-
pared were run in the same assay to avoid inter-assay variability. The intra-assay coefficient of
variation was 7.8% and the sensitivity of the assays was 1 ng/ml.
Western blot. Western blots were carried out as follows. Tissues were homogenized in 50
mM Tris buffer (pH 7.5) containing 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 10%
glycerol, 50 mM Na-pyrophosphate, 50 mM sodium fluoride, 1 mM trisodium orthovanadate,
0.5 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma, St. Louis, MO)
and centrifuged at 16.000 g for 15 min (4˚C). Protein content of the soluble fraction was deter-
mined by the BCA method, and 50 μg were electrophoresed in a 4–12% SDS-PAGE gel and
transferred to nitrocellulose membranes. Control samples were added to the gels for adjusting
variations between gels and transference efficiency. The blot was stained with Ponceau-S and
visually inspected for equal protein loading/transfer. The membranes were then blocked with
5% non-fat dried milk in Tween-TBS (TTBS) for 1 h. The blots were incubated with primary
antibodies against pAkt (Ser473) (Cell Signaling Technology, USA; 1/1500 final dilution), Akt
(Cell Signaling Technology, USA; 1/1500 final dilution), StAR (abcam, 1/5000 final dilution),
and α-actinin (Cell Signaling Technology, USA; 1/1500 final dilution), P-Stat3 (Tyr 705) (Cell
Signaling Technology, USA; 1/1500 final dilution) and Stat3(Cell Signaling Technology, USA;
1/1500final dilution) overnight at 4˚C. After washing, appropriate secondary antibodies (anti-
rabbit IgG-peroxidase conjugated [Calbiochem] or anti-mouse IgG-peroxidase conjugated
[DAKO]) were used for 1 h at a dilution of 1/7500 and 1/5000 respectively. Blots were washed,
incubated in commercial enhanced chemiluminescence reagents (ECL, Amersham Bioscience,
UK). Protein bands were visualized using ChemiDoc XRS system (BioRad) and quantified
using Quantity One software (version 4.6.3. Bio-Rad, UK).
Table 1. Primer sequences used.
Gene Forward primer Reverse primer
Trh TCGTGCTAACTGGTATCCCC CCCAAATCTCCCCTCTCTTC
Crh CTTGAATTTCTTGCAGCCGGAG GACTTCTGTTGAGGTTCCCCAG
Socs3 CAAGAACCTACGCATCCAGTG CCAGCTTGAGTACACAGTCGAA
Gapdh GGCAAATTCAACGGCACA CGGAGATGATGACCCTTT
Il6 GCTTAATTACACATGTTCTCTGGGAAA CAAGTGCATCATCGTTGTTCATAC
Hcrt GCCGTCTCTACGAACTGTTGC CGCTTTCCCAGAGTCAGGATA
Agrp AGAGTTCCCAGGTCTAAGTCTG GCGGTTCTGTGGATCTAGC
Mt1 TCACCAGATCTCGGAATGG AAGAACCGGAATGAATCGC
Npy ATGCTAGGTAACAAGCGAATGG TGTCGCAGAGCGGAGTAGTAT
Pmch GTCTGGCTGTAAAACCTTACCTC CCTGAGCATGTCAAAATCTCTCC
Pomc CGCAGAGGCGTGCGGAGGAAGA TCCCTCTTGAACTCTAGGGGAAA
Fgf21 TTCTTTGCCAACAGCCAGAT GTCCTCCAGCAGCAGTTCTC
Hadha TGACGCTGGTTATCTTGCTG ATCAGGGCCTTCGATTCTTT
Cs CGGGAGGGCAGCAGTATCGG ACCACCCTCATGGTCACTATGGATG
Ech1 TCGCTACTGCACTCAGGATG AGCAGCCAAGCCCATATCTA
CD36 TTTGGAGTGGTAGTAAAAAGGGC TGACATCAGGGACTCAGAGTAG
Fabp3 CATGAAGTCACTCGGTGTGG TGCCATGAGTGAGAGTCAGG
Bckdha AAGCCTCCTCTTCTCCGATGTG GCAAAAGTCACCCTGGAATGC
Bckdhb GTGCCCTGGATAACTCATTAGCC CAAACTGGATTTCCGCAATAGC
Pdha1 GGGACGTCTGTTGAGAGAGC TGTGTCCATGGTAGCGGTAA
https://doi.org/10.1371/journal.pone.0173675.t001
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Serum metabolites. Triglycerides, cholesterol (Linear Chemicals S.L), and glucose (Bio-
merieux S.A.) serum levels were measured by enzymatic colorimetric assays.
Statistical analysis. All data are presented as the mean ±SEM. Statistical package for
Social Sciences (SPSS) was used. Data were analysed with Generalized Estimating equations
for repeated measures, or ANOVA, with genotype, sex and/or treatment as main factors; if the
interaction between factors was significant post-hoc analyses were carried out. When experi-
mental set up precluded direct comparisons between sexes (such as separate western blots),
statistical procedures were carried out separately.
Results
Energy expenditure
Absence of muscle IL-6 results in sexually dimorphic changes in basal metabolism.
Indirect calorimetry is often used in human and animal studies to determine total energy
expenditure, and also to calculate the relative use of glucose and fatty acids (FAs) to support
energy expenditure (respiratory exchange ratio, RER), assuming that contribution of protein
oxidation is relatively constant and irrelevant [28]. As expected, in both sexes there was a
strong circadian rhythmicity, with mice being more active, consuming more O2 and releasing
more CO2 during the dark period (P< 0.05). Overall, deletion of IL-6 in muscles of male mice
did not significantly affect oxygen consumption or CO2 release (Fig 2A and 2B) relative to
floxed controls. However, their RER was significantly elevated, but only during the mid-part
of the light period (Fig 2C and 2D). A reassessment of the oxygen and CO2 values during this
period (between 11:00 and 16:00 h) revealed a tendency for elevated oxygen consumption in
muscle IL-6 KO mice (p = 0.054) consistent with the observed elevation in RER values. In con-
trast, muscle IL-6 deficiency did not influence motor activity (Fig 2E) or energy expenditure
(EE) over 48 h (Fig 2F) in either the light or dark phase (Fig 2G). No differences between geno-
types were detected in food intake (data not shown).
Fig 2. Indirect calorimetry measures of resting conditions (48 h). VO2, VCO2, RER, activity and EE
means during the light and dark phase are shown in full and/or summarized as bar graphs. Muscle IL-6
deficiency in males (n = 7) results in significantly higher RER in the light phase (C, D) although no differences
with floxed mice (n = 8) were noted in VO2 (A), VCO2, (B), activity (E) and EE (F, G). In females, significant
differences between muscle IL-6 KO (n = 8) and floxed (n = 8) mice were noted in VO2 (H), VCO2 (I) and EE
(M, N), but not in RER (J, K) and activity (L). $ p at least < 0.05 versus floxed mice. ◆ p at least < 0.05 versus
male mice.
https://doi.org/10.1371/journal.pone.0173675.g002
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On the contrary, in females, deficiency of muscle IL-6 produced significant (p< 0.001)
increases of VO2 (Fig 2H) and CO2 release (Fig 2I) but did not influence the RER during the
light or dark phases (Fig 2J and 2K). Also in contrast to males, EE measured over 48h (Fig 2M)
revealed a significant elevation in muscle IL-6 KO female mice, in both light and dark phases
(Fig 2N) (p<0.001). It is important to emphasize that this was not a general gender effect, but
a specific effect of muscle IL-6 deficiency in female mice; accordingly, there were no differ-
ences between floxed male and female mice in VO2, CO2 and EE. No differences between
genotypes were noticed in motor activity over 48h (Fig 2L) or in food and water consumption
(data not shown).
Treadmill exercise induces changes in RER in muscle IL-6 KO males but not in
females. During treadmill exercise, VO2 and EE increased for the first 6–8 minutes and then
reached a plateau. Interestingly, in the response to exercise, female mice showed increased
VO2 and EE compared to male mice, but no significant differences were found between muscle
IL-6 KO and floxed controls of either sex (Fig 3A and 3B). However, male but not female mus-
cle IL-6 KO mice exhibited significantly higher values of RER throughout the entire length of
the exercise (Fig 3C).
Deficiency of muscle IL-6 determines a lower body core temperature in males during
light phase. Body temperature cycle in the light phase showed significant differences in both
sexes and genotypes. In male mice, body temperature was significantly different between
floxed and muscle IL-6 KO mice; the latter showed a lower body temperature in the middle of
the light phase and at 19:00 h, whereas the former showed a rather flat cycle at central light
Fig 3. Indirect calorimetric parameters during acute exercise. The treadmill was initially set to a constant
speed (0.15 m/s) for 2 min, increased at 0.2 m/s for 2 min, and then acceleration was increased by 0.05 m/s
every two minutes. Although treadmill speed significantly affects VO2, EE and RER in both genders (A-C),
only in males a significant effect of muscle IL-6 deficiency in RER (C) was noted. $p < 0.05 versus floxed
mice. ◆ p at least < 0.05 versus male mice.
https://doi.org/10.1371/journal.pone.0173675.g003
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phase and higher body temperature at 19:00 h. Female showed a more prominent temperature
cycle than male mice, but there were no significant differences between genotypes (Fig 4).
Energy intake
Muscle IL-6 deficiency causes differences in female’s response to fasting. Since several
experimental procedures relative to energy expenditure and intake were carried out with indi-
vidually housed mice, we first evaluated the effect of isolation. Before isolation there were no
significant weight differences between genotypes (~26.5 vs ~28.2 g for floxed and muscle IL-6
KO male mice; and ~20.02 vs ~20.52 g for floxed and muscle IL-6 KO female mice). During the
isolation there were no significant overall effects of muscle IL-6 deficiency in both sexes. How-
ever in male mice there was a significant interaction between time of isolation and genotype (p
<0.05) likely-because body weight loss during the first day was higher in muscle IL-6 KO mice.
No differences in food intake between genotypes were observed either in the dynamics of
intake or cumulative food intake (data not shown). After the 7–8 days of isolation, the mice
weighed similarly (~26.3 vs ~27.6 g for floxed and muscle IL-6 KO male mice; and ~20.53 vs
~21.0 g for floxed and muscle IL-6 KO female mice), (Fig 5A).
Overnight fasting dramatically reduced body weight (>2.5 g; Fig 5B) and blood glucose lev-
els (Table 2) in both genotypes and sexes; and upon refeeding, body weight was soon recovered
(~2 g in the first 4 hours), returning to normal levels 24–48 hours later. However no obvious
differences between genotypes were noted. At the end of this refeeding experiment, the mice
weighed similarly again (~26.7 vs ~28.3 g for floxed and muscle IL-6 KO male mice; and ~21.8
vs ~22.2 g for floxed and muscle IL-6 KO female mice).
Regarding food intake, when mice were allowed to eat after the overnight fasting, a clear
and significant increase of food intake was observed compared to the previous food intake/24
hours (~5–6 g/day vs 3–4 g/day); this refeeding effect almost disappeared at 48 hours. Food
intake during recovery time was significantly different between genotypes only in females,
muscle IL-6 KO females showing significantly higher food intake than floxed females in the
first hour and 24h after refeeding (Fig 5C).
Leptin treatment. Acclimatization to the injection procedure decreased body weight in both
genotypes and sexes; this effect was in general more prominent in muscle IL-6 KO mice but it was
not significant (data not shown). No differences in food intake were noted (data not shown).
As expected, leptin decreased body weight (p<0.05) and food intake (p<0.05). In males
but not females, muscle IL-6 deficiency potentiated these responses, not only to leptin but also
to vehicle injection (Fig 6A and 6B).
Fig 4. Core temperature in the light phase. Core temperature in floxed and muscle-IL6 KO male (n = 11/
10), and female (n = 9/10) mice. Absence of muscle IL-6 determined a lower core temperature in male but not
female mice in the light phase. $ p at least < 0.05 versus floxed mice.
https://doi.org/10.1371/journal.pone.0173675.g004
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Relative weight of subcutaneous fat was significantly decreased in both males and females
of both genotypes with leptin treatment, but there was also a significant interaction between
sex and genotype (p<0.05). A post-hoc analysis revealed that deficiency of muscle IL-6 signifi-
cantly further decreased the relative weight of subcutaneous fat in males but not in females.
Brown fat was also significantly decreased in males by leptin administration. No significant
differences in relative liver weight were observed in either sex. On the other hand, female mice
showed lower gonadal fat and brown fat than male mice, whereas no differences were observed
for subcutaneous fat and liver (Fig 7).
There was also a prominent effect of gender on serum levels of triglycerides and cholesterol
(which were lower in female mice) but not of glucose. Glycaemia and triglycerides were de-
creased significantly by leptin in both sexes, with no clear-cut effects of muscle IL-6 deficiency
(albeit a decreasing trend was observed for serum triglycerides, (p = 0.057). A different pattern
emerged for serum cholesterol. There was an overall significant effect of leptin (p<0.05),
but also a significant interaction between sex and genotype (p<0.001). A post-hoc analysis
revealed that serum cholesterol levels were increased by muscle IL-6 deficiency in male mice
regardless of leptin (Fig 8).
Fig 5. Body weight changes following fasting and refeeding. Adaptation to isolation measured by body
weight gain in floxed and muscle IL-6 KO male (n = 13/12) and female (n = 14/14) mice (A). Female mice
recovered somewhat faster but no effects of genotype were obvious. Following this period of acclimatization,
the mice were subjected to fasting overnight and then food was allowed (refeeding) (B, C). Body weight
changes following fasting and at 4, 24 and 48h after refeeding (B) and food intake at 1, 2, 3, 4, 24, and 48h
after refeeding (C) are shown. The effect of muscle IL-6 deficiency was significant only for food intake and in
some of the refeeding periods in female mice. $ p at least < 0.05 versus floxed mice.
https://doi.org/10.1371/journal.pone.0173675.g005
Table 2. Glucose values (mg/dl) in pre-fasting, immediately post-fasting and after 4h of refeeding * p at least <0.05 versus pre-fasting.
MALES FEMALES
Pre-fasting Post-fasting 4h refeeding Pre-fasting Post-fasting 4h refeeding
Floxed 175.7 ±3.9 114.3±8.1 * 171.0 ±3.9 146.5 ± 4.2 105.0 ± 5.4* 165.6 ± 9.2
MuscleIL-6 KO 161.5 ± 5.7 129.9± 6.7* 175.1± 6.8 154.2 ± 4.3 114.1 ± 4.6 * 154.1 ± 5.2
https://doi.org/10.1371/journal.pone.0173675.t002
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The anorexigenic effects of peripheral leptin treatment described above were reflected to
some extent in its effect on hypothalamic neuropeptides known to influence body weight con-
trol. Thus, Pomc expression was significantly increased in male mice by leptin, and a non-sig-
nificant trend for being increased by muscle IL-6 deficiency was observed (data not shown).
The results for Agrp were less clear-cut and no significant differences were observed. A clear
tendency for decreased Crh expression was also observed in muscle IL-6 KO male mice
(p = 0.051). No significant differences in any of these hypothalamic factors were observed in
female mice. Also, cortisol plasma levels were not affected by leptin treatment or muscle IL-6
deficiency (data not shown).
The putative effects of muscle IL-6 deficiency and leptin treatment on several critical genes
were also evaluated in selected peripheral tissues. In tibialis muscle, as expected, IL-6 mRNA
levels were significantly decreased in muscle IL-6 KO male and female mice. None of the other
genes studied showed clear effects of either muscle IL-6 deficiency or leptin injection. Female
mice had overall higher CD36 and Hadha and lower Fabp3 mRNA levels than male mice.
There was a significant (p<0.05) interaction between sex and genotype for Cs expression,
since Cs mRNA levels were increased by muscle IL-6 deficiency in male mice only, mostly in
vehicle-treated animals. A similar trend was observed in Fabp3 expression, but its higher vari-
ability precluded statistical significance (Fig 9 left).
In WAT, muscle IL-6 deficiency and leptin treatment had minor effects on the genes stud-
ied, with the notable exception of Fabp3, whose expression was increased by muscle IL-6 defi-
ciency in both genders and regardless of leptin treatment. However leptin increased CD36
expression, and there was a significant interaction between sex and leptin (p at least <0.05) in
the case of Hadha and Ech, since leptin had a decreasing effect in male mice and the opposite
was true in female mice. Female mice had overall higher CD36, Hadha and Ech1 mRNA than
male mice (Fig 9 middle).
Fig 6. Effect of leptin treatment in body weight gain and food intake. Floxed and muscle IL-6 KO male
(n = 13/12; A) and female (n = 14/14; B) mice were subjected to leptin treatment. Leptin was injected daily
twice for three days and in the morning of the 4th day, and 3 hours after the last injection animals were
euthanized. Leptin decreased body weight gain (significantly only in males) and food intake; muscle IL-6
deficiency decreased body weight and food intake in male but not female mice, regardless of the specific
treatment.▲and $ p at least < 0.05 versus vehicle and floxed mice, respectively.
https://doi.org/10.1371/journal.pone.0173675.g006
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In BAT, IL-6 expression was again very low and thus of limited value. In contrast to the
other two tissues, there was a significant interaction between sex and leptin in Fgf-21expression,
since the hormone was increased in male mice and decreased in female mice (Fig 9 right).
Insulin signalling pathway
Deletion of muscle IL-6 did not modify the phosphorylation of Akt (Ser473) in muscle (tibialis
or soleus) or liver of both genders (Fig 10A and 10B).
Female stress response was affected by muscle IL-6 absence
Circulating corticosterone levels of muscle-IL-6 KO females were significantly lower than those
of floxed females after 30 and 60 min of restraint stress. Recovery levels at 120 min after stress
finished were not different between genotypes. No differences in stress response and recovery
between muscle IL-6 KO and floxed males were noted (Fig 11A). Crh levels measured following
Fig 7. Effect of leptin treatment in WAT, BAT and liver weight. Gonadal, subcutaneous and brown fat
depots and liver were weighed after leptin / vehicle treatment in males and females, and are expressed as the
percentage of body weight. Female mice showed decreased depots of gonadal and brown fat per se.
Additionally, subcutaneous fat depots were affected by leptin treatment in a gender specific manner, since in
males, muscle IL-6 absence caused a higher loss of subcutaneous fat depots in response to leptin (34%).
▲and $ p at least < 0.05 versus vehicle and floxed mice, respectively.◆ p at least < 0.05 versus male mice.
https://doi.org/10.1371/journal.pone.0173675.g007
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1 h of stress plus 2 h of recovery indicated only a marginal effect of restraint stress (p = 0.054)
in males (data not shown). In order to further establish putative differences in the HPA axis,
adrenal weight and protein content were studied. No differences between genotypes in each
sex were observed (data not shown). In contrast, significant higher StAR protein values were
observed in muscle-IL-6 KO females than in floxed, with no differences in males (Fig 11B).
Phosphorylation of Stat3 was not detectable in adrenal gland by our western blot procedure.
Discussion
The present results support that muscle IL-6 has a relevant role in maintaining body energy
homeostasis in a sex-dependent manner. This was obvious in RER results, muscle IL-6 KO
male (but not female) mice had an increased RER in resting conditions during the central light
phase, and consistent with this, they also had a lower core body temperature. The fact that
RER values in muscle IL-6 KO male mice were closer to 1 during the light phase strongly sug-
gests that they use more carbohydrates than fat as metabolic substrates. Previous studies with
systemic IL-6 KO mice also showed decreased body temperature in males at room temperature
during the light phase, and significantly higher RER and lower fat utilization rate [29–31].
Therefore, muscle IL-6 seems to account for most of the effects on RER of this cytokine. We
also carried out indirect calorimetry analyses during treadmill exercise, and RER was again
clearly increased in muscle IL-6 KO male mice only. This was also observed in 8-month-old
Fig 8. Analysis of plasma triglycerides, cholesterol and glucose levels after leptin treatment. Female
mice showed decreased triglycerides and cholesterol levels per se. Leptin treatment significantly decreased
triglycerides and glucose plasma levels in both genders, with no effect of muscle IL-6 deficiency. In contrast,
leptin decreased cholesterol levels only in female mice, and muscle IL-6 deficiency increased serum
cholesterol regardless of the treatment (vehicle or leptin) in male mice.▲and $ p at least < 0.05 versus
vehicle and floxed mice, respectively.◆ p at least < 0.05 versus male mice.
https://doi.org/10.1371/journal.pone.0173675.g008
Muscle IL-6 in gender-specific metabolism
PLOS ONE | https://doi.org/10.1371/journal.pone.0173675 March 20, 2017 13 / 20
systemic IL-6 KO mice, but not in 4-month-old mice [29]. In our study, the mice were young
and definitely not obese and yet an increased RER was evident, which suggests that body
weight per se is not the critical factor in this regard.
We observed an increased expression of Cs in tibialis anterior that eventually could indicate
a higher TCA function, but since acetyl CoA may be produced from both carbohydrate and fat
metabolism we cannot relate this easily to the RER results. While we were writing this manu-
script the Pilegaard laboratory reported an RER increase in muscle-specific IL-6 KO males
during 120 min of treadmill exercise [32]. They also observed a higher pyruvate dehydrogenase
activity (PDH) at rest and after 60 min of exercise, and suggested that muscle IL-6 exerts an
Fig 9. Gene expression in tibialis muscle, white adipose tissue and brown adipose tissue after leptin
treatment. As expected, muscle IL-6 KO mice showed decreased IL-6 mRNA levels in muscle but not in other
tissues. This muscle IL-6 deficiency did not affect the expression of the other genes in muscle; in contrast, it
did affect that of Fabp3 in WAT. Sex was a clear factor influencing the expression of some of these genes,
as was leptin injection. Interestingly, sex also modified the effect of leptin in WAT and BAT in some cases,
inverting the effect of the hormone.▲and $ p at least < 0.05 versus vehicle and floxed mice, respectively.
Δ denotes a significant interaction between sex and leptin p at least < 0.05.◆ p at least < 0.05 versus male
mice.☆ denotes a significant interaction between sex and genotype p at least < 0.05.
https://doi.org/10.1371/journal.pone.0173675.g009
Fig 10. Deficiency of muscle IL-6 is not associated with changes in the muscle or liver insulin-
signalling pathway. A: Representative western blot images of P-Akt/Akt in tibialis, soleus and liver from
males and females, floxed and muscle IL-6 KO after 30 min of insulin administration (i.p. 1 UI/animal) or
vehicle in 4 hours-starved mice. B: Quantification of the northern blots.▲ p < 0.001 versus vehicle.
https://doi.org/10.1371/journal.pone.0173675.g010
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inhibitory action on skeletal muscle PDH and therefore on carbohydrate utilization, support-
ing the RER results. Discrepancies with other calorimetric studies with female systemic IL-6
KO mice [33] might be attributed to different WT genotype used (C57BL/6J) and/or other
unknown reasons.
A clear sexual dimorphism was also observed regarding EE. Thus, muscle IL-6 KO female
mice showed increased basal metabolism, in terms of EE levels, O2 production, and CO2
release whereas in males the opposite trend was observed. This increase in EE, in principle,
might be related to the normal basal core temperature of muscle IL-6 KO female mice during
the central light phase, in contrast to decreased values of muscle IL-6 KO male mice. Brown
adipose tissue activity has been associated with non-shivering thermogenesis in mammals and
Fgf-21 secretion, which improves glycaemia and lipidaemia preventing some aspects of obesity
and metabolic diseases [34]. Indeed, findings with transplanted BAT [35,36] suggest that BAT-
derived IL-6 functions as a batokine in vivo regulating Fgf-21among other critical homeostatic
factors. However no compensatory BAT IL-6 or Fgf-21 increased expression was found associ-
ated with muscle IL-6 deficiency.
Increased RER in muscle IL-6 KO mice, during resting conditions and during exercise,
could also be due to effects of muscle IL-6 on the physical activity of the mice. However, no sig-
nificant differences between genotypes were observed, ruling out a major role of muscle IL-6
controlling the activity of the animals. It is likely therefore that the effects previously reported
in the hole-board test have more to do with exploration and/or anxiety than with activity per se
[23]. However, the mice used in the present study have full backcrossing to a C57Bl/6 genetic
background, which might also have a role in this apparent discrepancy.
Body weight and food consumption in basal conditions were not affected by muscle IL-6
deficiency in any of the experiments, which is consistent with our previous results [23] and
with several studies using other transgenic mice [11,14,31]. Nevertheless, a role of muscle IL-6
might be relevant in other scenarios.
Overnight fasting dramatically reduced body weight, so a compensatory physiological
response was to be expected. Once allowed to eat, the mice overfed the first day by ~50%
Fig 11. Deficiency of muscle IL-6 influences the response to restraint stress. A: Sixty min of restraint
stress prominently increased serum corticosterone levels, which returned toward normal after 120 min of
stress recovery. A sex-dependent effect of muscle IL-6-deficiency was present, since the stress response
was lower in female but not male muscle IL-6 KO mice. B: Adrenal StAR levels in the adrenal glands were
also evaluated by western blot. At the top the blot obtained for female mice is shown. At the bottom, the
quantification carried out for both genders revealed increased adrenal StAR in females of muscle IL-6 KO
after 120 min of stress recovery. $ p at least < 0.05 versus floxed mice.
https://doi.org/10.1371/journal.pone.0173675.g011
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relative to the previous days. By 48 hours, feeding was almost normal. Despite similar body
weight changes in both genotypes and sexes, the dynamic of the refeeding was different, since
muscle IL-6 KO mice tended to eat more during the first 24 h of refeeding, although this was
significant only in females. This might have to do with the tendency of systemic IL-6 KO mice
to become obese in the long term [37,38]. We previously [23] observed that muscle IL-6 KO
female mice became obese when fed a high-fat diet, and the same tendency was present when
fed a normal diet, despite food intake being normal.
Leptin is produced and secreted predominantly from adipose tissue, communicating energy
storage to the brain [1–3]. As expected, leptin decreased food intake and body weight. Muscle
IL-6 deficiency further decreased them, but only in males. It also decreased food intake and
body weight in response to vehicle injections. Leptin stimulates fatty acid oxidation in muscle
[39], producing a metabolic state in which energy must be obtained especially from subcutane-
ous fat. A leptin-specific interaction with IL-6 deficiency was present, since the decrease of
subcutaneous fat was clearly higher in the leptin-treated male mice. This is consistent with pre-
vious results in muscle IL-6 KO male mice [23,40], but not with those in systemic IL-6 KO
mice [11], again highlighting the relevance of the source of IL-6 in this regard.
Males and females may differ in their susceptibility to the obesity and the metabolic syn-
drome, and these differences could be associated with where they deposit fat [41]. Lipid depo-
sition in subcutaneous fat allows efficient storage of maximal calories per unit volume of tissue
[41]. Acute metabolic challenges, as well as genetically induced changes in fatty acid transport-
ers, especially CD36, alter the rates of fatty acid transport and oxidation co-ordinately [42];
mice null for CD36 show significant increases in blood FA, TG and cholesterol [43]. Our
results show that in male mice there is a lower expression of CD36 in tibialis and WAT com-
pared to female mice, suggesting a lower transport of fatty acids, perhaps accompanied by a
lower capacity for beta oxidation, as suggested by the lower expression of Hadha (in both tis-
sues) and Ech1 (in WAT). These changes could be the cause of the increased cholesterol in
plasma of male mice. This was more evident in muscle IL-6 KO male mice, probably due to
alterations of the energy source rather than to changes in the expression of these genes.
Fabp expression in a given cell type seems to reflect its lipid-metabolizing capacity [44], and
our results correlate muscle IL-6 deficiency with increased Fabp3 expression in subcutaneous
fat.
Peripheral leptin signals are detected and transduced, in part, by POMC and AGRP neu-
rons in the arcuate nuclei of the hypothalamus [1]. However, only slight but not significant
effects of IL-6 deficiency were observed in the expression of these genes. Whether this is due to
the timing (several days after the first injection of leptin) or to something else needs further
studies.
We observed that isolation (before the fasting/refeeding) and adaptation to daily saline
injections (before leptin injections) seemed to have greater effects in muscle IL-6 KO mice.
Thus, we reasoned that perhaps muscle IL-6 KO mice were more sensitive to stress. To ascer-
tain this, a separate restraint stress experiment was carried out to evaluate the hypothalamus-
pituitary-corticoadrenal axis (HPA). Female mice showed higher adrenal gland and stress cir-
culating corticosterone levels than male mice, as expected [45,46]. Muscle IL-6 KO female mice
responded less to restraint stress, in principle ruling out sensitivity to stress as the main reason
underlying the differences in body weight during the acclimatization periods of the fasting/
refeeding-leptin experiments. Corticosterone synthesis is predominately governed by mecha-
nisms that determine StAR synthesis, activation, and degradation [47,48], and the immediate
response to ACTH adrenal stimulation is achieved by the action of pre-existing StAR [49]. The
increased StAR levels in muscle IL-6 KO female mice might therefore represent a compensa-
tory response.
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The role of IL-6 in insulin resistance is controversial [50,51]. We previously showed that
muscle IL-6 deficiency did not significantly affect either the response to oral glucose admi-
nistration or to insulin injection (OGTT and ITT, respectively) [23]. Here we analysed the
response to insulin in several tissues by looking at Akt phosphorylation in fully backcrossed
mice, and in accordance with the previous results, muscle IL-6 KO mice of both sexes re-
sponded similarly. Taken together, it is unlikely that muscle IL-6 is critical in insulin signalling
in basal conditions.
In summary, our results highlight the critical regulatory role of muscle IL-6 in metabolic
homeostasis of whole body in a gender-specific manner, not only during exercise but also in
resting conditions and in a gender-specific manner. In addition, the data presented here indi-
cate that muscle IL-6 absence may be relevant in situations in which the metabolic rate was
changed, such as isolation, fasting, and leptin response. This work opens new approaches to
study the role that the myokine IL-6 could play in the relationships between muscle and adi-
pose tissue.
Acknowledgments
The authors are grateful to grants SAF2011-23272 and SAF2014-56546-R to J.H., and Spanish
Ministry of Economy and Competitiveness (MINECO grants BFU2014-52149-R) and Insti-
tuto de Salud Carlos III to M.V. CIBERDEM is an initiative of the Instituto de Salud Carlos III,
Madrid, Spain". OFG acknowledges the support of fellowship FPU2012-00365. We would like
to thank J. Carrasco for RIA and technical support.
Author Contributions
Conceptualization: A. Molinero MV JH.
Formal analysis: A. Molinero AF-P A. Mogas MG GC OF-G.
Funding acquisition: MV JH.
Investigation: A. Molinero AF-P A. Mogas.
Methodology: A. Molinero AF-P A. Mogas MV JH.
Project administration: MV JH.
Resources: A. Molinero AF-P A. Mogas MG GC OF-G.
Supervision: A. Molinero MV JH.
Validation: A. Molinero AF-P A. Mogas.
Visualization: A. Molinero AF-P AM JH.
Writing – original draft: A. Molinero MV JH.
Writing – review & editing: A. Molinero MV JH.
References
1. Mu¨nzberg H, Morrison CD. Structure, production and signaling of leptin. Metabolism. 2015; 64: 13–23.
https://doi.org/10.1016/j.metabol.2014.09.010 PMID: 25305050
2. Lenard NR, Berthoud HR. Central and peripheral regulation of food intake and physical activity: path-
ways and genes. Obes (Silver Spring). 2008; 16 Suppl 3: S11–22.
Muscle IL-6 in gender-specific metabolism
PLOS ONE | https://doi.org/10.1371/journal.pone.0173675 March 20, 2017 17 / 20
3. Vogt MC, Bru¨ning JC. CNS insulin signaling in the control of energy homeostasis and glucose metabo-
lism—from embryo to old age. Trends Endocrinol Metab. 2013; 24: 76–84. https://doi.org/10.1016/j.
tem.2012.11.004 PMID: 23265947
4. James DE, Burleigh KM, Kraegen EW. Time dependence of insulin action in muscle and adipose tissue
in the rat in vivo. An increasing response in adipose tissue with time. Diabetes. 1985; 34: 1049–54.
PMID: 3899807
5. Furler SM, Cooney GJ, Hegarty BD, Lim-Fraser MY, Kraegen EW, Oakes ND. Local factors modulate
tissue-specific NEFA utilization: assessment in rats using 3H-(R)-2-bromopalmitate. Diabetes. 2000;
49: 1427–33. PMID: 10969825
6. Steensberg a, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund Pedersen B. Production of interleu-
kin-6 in contracting human skeletal muscles can account for the exercise-induced increase in plasma
interleukin-6. J Physiol. 2000; 529 Pt 1: 237–242.
7. Febbraio MA. Signaling pathways for IL-6 within skeletal muscle. Exerc Immunol Rev. 2003; 9: 34–9.
PMID: 14686092
8. Pedersen BK, Febbraio M a. Muscles, exercise and obesity: skeletal muscle as a secretory organ. Nat
Rev Endocrinol. 2012; 8: 457–465. https://doi.org/10.1038/nrendo.2012.49 PMID: 22473333
9. Fain JN, Madan AK, Hiler ML, Cheema P, Bahouth SW. Comparison of the release of adipokines by adi-
pose tissue, adipose tissue matrix, and adipocytes from visceral and subcutaneous abdominal adipose
tissues of obese humans. Endocrinology. 2004; 145: 2273–82. https://doi.org/10.1210/en.2003-1336
PMID: 14726444
10. Kasuga M. Insulin resistance and pancreatic beta cell failure. J Clin Invest. 2006; 116: 1756–1760.
https://doi.org/10.1172/JCI29189 PMID: 16823472
11. Wallenius V, Wallenius K, Ahre´n B, Rudling M, Carlsten H, Dickson SL, et al. Interleukin-6-deficient
mice develop mature-onset obesity. Nat Med. 2002; 8: 75–9. https://doi.org/10.1038/nm0102-75 PMID:
11786910
12. Matthews VB, Allen TL, Risis S, Chan MHS, Henstridge DC, Watson N, et al. Interleukin-6-deficient
mice develop hepatic inflammation and systemic insulin resistance. Diabetologia. 2010; 53: 2431–41.
https://doi.org/10.1007/s00125-010-1865-y PMID: 20697689
13. Li G, Klein R., Matheny M, King M., Meyer E., Scarpace P. Induction of uncoupling protein 1 by central
interleukin-6 gene delivery is dependent on sympathetic innervation of brown adipose tissue and under-
lies one mechanism of body weight reduction in rats. Neuroscience. 2002; 115: 879–889. PMID:
12435426
14. Hidalgo J, Florit S, Giralt M, Ferrer B, Keller C, Pilegaard H. Transgenic mice with astrocyte-targeted
production of interleukin-6 are resistant to high-fat diet-induced increases in body weight and body fat.
Brain Behav Immun. 2010; 24: 119–126. https://doi.org/10.1016/j.bbi.2009.09.002 PMID: 19748567
15. Señarı´s RM, Trujillo ML, Navia B, Comes G, Ferrer B, Giralt M, et al. Interleukin-6 regulates the expres-
sion of hypothalamic neuropeptides involved in body weight in a gender-dependent way. J Neuroendo-
crinol. 2011; 23: 675–686. https://doi.org/10.1111/j.1365-2826.2011.02158.x PMID: 21564350
16. Sche´le E, Benrick a, Grahnemo L, Egecioglu E, Anesten F, Pa´lsdo´ttir V, et al. Inter-relation between
interleukin (IL)-1, IL-6 and body fat regulating circuits of the hypothalamic arcuate nucleus. J Neuroen-
docrinol. 2013; 25: 580–9. https://doi.org/10.1111/jne.12033 PMID: 23414303
17. Benrick A, Sche´le E, Pinnock SB, Wernstedt-Asterholm I, Dickson SL, Karlsson-Lindahl L, et al. Inter-
leukin-6 Gene Knockout Influences Energy Balance Regulating Peptides in the Hypothalamic Paraven-
tricular and Supraoptic Nuclei. J Neuroendocrinol. 2009; 21: 620–628. https://doi.org/10.1111/j.1365-
2826.2009.01879.x PMID: 19490366
18. Pan W, Kastin AJ. Adipokines and the blood-brain barrier. Peptides. 2007; 28: 1317–1330. https://doi.
org/10.1016/j.peptides.2007.04.023 PMID: 17540480
19. Pedersen BK. Muscle as a secretory organ. Compr Physiol. 2013; 3: 1337–62. https://doi.org/10.1002/
cphy.c120033 PMID: 23897689
20. Quintana A, Erta M, Ferrer B, Comes G, Giralt M, Hidalgo J. Astrocyte-specific deficiency of interleukin-
6 and its receptor reveal specific roles in survival, body weight and behavior. Brain Behav Immun. 2013;
27: 162–73. https://doi.org/10.1016/j.bbi.2012.10.011 PMID: 23085146
21. Bothe GW, Haspel JA, Smith CL, Wiener HH, Burden SJ. Selective expression of Cre recombinase in
skeletal muscle fibers. Genesis. 2000; 26: 165–6. PMID: 10686620
22. Guerra J, Ferrer B, Giralt M, Comes G, Carrasco J, Molinero A, et al. Muscular interleukin-6 differentially
regulates skeletal muscle adaptation to high-fat diet in a sex-dependent manner. Cytokine. 2015; 74:
145–51. https://doi.org/10.1016/j.cyto.2015.04.018 PMID: 25982555
Muscle IL-6 in gender-specific metabolism
PLOS ONE | https://doi.org/10.1371/journal.pone.0173675 March 20, 2017 18 / 20
23. Ferrer B, Navia B, Giralt M, Comes G, Carrasco J, Molinero A, et al. Muscle-specific interleukin-6 dele-
tion influences body weight and body fat in a sex-dependent manner. Brain Behav Immun. 2014; 40:
121–30. https://doi.org/10.1016/j.bbi.2014.03.001 PMID: 24632224
24. Tscho¨p MH, Speakman JR, Arch JRS, Auwerx J, Bru¨ning JC, Chan L, et al. A guide to analysis of
mouse energy metabolism. Nat Methods. 2011; 9: 57–63. https://doi.org/10.1038/nmeth.1806 PMID:
22205519
25. Butler AA, Kozak LP. A Recurring Problem With the Analysis of Energy Expenditure in Genetic Models
Expressing Lean and Obese Phenotypes. Diabetes. 2010; 59.
26. Delgado-Morales R, del Rı´o E, Go´mez-Roma´n A, Bisagno V, Nadal R, de Felipe C, et al. Adrenocortical
and behavioural response to chronic restraint stress in neurokinin-1 receptor knockout mice. Physiol
Behav. 2012; 105: 669–75. https://doi.org/10.1016/j.physbeh.2011.10.008 PMID: 22019828
27. Zelena D, Mergl Z, Foldes A, Kova´cs KJ, To´th Z, Makara GB. Role of hypothalamic inputs in maintaining
pituitary-adrenal responsiveness in repeated restraint. Am J Physiol Endocrinol Metab. 2003; 285:
E1110–7. https://doi.org/10.1152/ajpendo.00219.2003 PMID: 14534078
28. Arch JRS, Hislop D, Wang SJY, Speakman JR. Some mathematical and technical issues in the mea-
surement and interpretation of open-circuit indirect calorimetry in small animals. Int J Obes (Lond).
Nature Publishing Group; 2006; 30: 1322–31.
29. Fa¨ldt J, Wernstedt I, Fitzgerald SM, Wallenius K, Bergstro¨m G, Jansson J-O. Reduced exercise endur-
ance in interleukin-6-deficient mice. Endocrinology. Endocrine Society; 2004; 145: 2680–6. https://doi.
org/10.1210/en.2003-1319 PMID: 14988384
30. Wernstedt I, Edgley A, Berndtsson A, Fa¨ldt J, Bergstro¨m G, Wallenius V, et al. Reduced stress- and
cold-induced increase in energy expenditure in interleukin-6-deficient mice. Am J Physiol Regul Integr
Comp Physiol. 2006; 291: R551–7. https://doi.org/10.1152/ajpregu.00514.2005 PMID: 16455769
31. Pazos P, Lima L, Casanueva FF, Die´guez C, Garcı´a MC. Interleukin 6 deficiency modulates the hypo-
thalamic expression of energy balance regulating peptides during pregnancy in mice. PLoS One. Public
Library of Science; 2013; 8: e72339. https://doi.org/10.1371/journal.pone.0072339 PMID: 24015235
32. Gudiksen A, Schwartz CL, Bertholdt L, Joensen E, Knudsen JG, Pilegaard H, et al. Lack of Skeletal
Muscle IL-6 Affects Pyruvate Dehydrogenase Activity at Rest and during Prolonged Exercise. Philp A,
editor. PLoS One. Public Library of Science; 2016; 11: e0156460. https://doi.org/10.1371/journal.pone.
0156460 PMID: 27327080
33. O’Neill HM, Palanivel R, Wright DC, MacDonald T, Lally JS, Schertzer JD, et al. IL-6 is not essential for
exercise-induced increases in glucose uptake. J Appl Physiol. 2013; 114: 1151–1157. https://doi.org/
10.1152/japplphysiol.00946.2012 PMID: 23449935
34. Villarroya F, Cereijo R, Villarroya J, Giralt M. Brown adipose tissue as a secretory organ. Nat Rev Endo-
crinol. Nature Research; 2016; 13,26–35 https://doi.org/10.1038/nrendo.2016.136 PMID: 27616452
35. Stanford KI, Middelbeek RJW, Townsend KL, An D, Nygaard EB, Hitchcox KM, et al. Brown adipose tis-
sue regulates glucose homeostasis and insulin sensitivity. J Clin Invest. American Society for Clinical
Investigation; 2013; 123: 215–23. https://doi.org/10.1172/JCI62308 PMID: 23221344
36. Stanford KI, Goodyear LJ. Exercise regulation of adipose tissue. Adipocyte. Taylor & Francis; 2016; 5:
153–162. https://doi.org/10.1080/21623945.2016.1191307 PMID: 27386159
37. Wallenius K, Wallenius V, Sunter D, Dickson SL, Jansson J-O. Intracerebroventricular interleukin-6
treatment decreases body fat in rats. Biochem Biophys Res Commun. 2002; 293: 560–565. https://doi.
org/10.1016/S0006-291X(02)00230-9 PMID: 12054638
38. Navia B, Ferrer B, Giralt M, Comes G, Carrasco J, Molinero A, et al. Interleukin-6 deletion in mice driven
by aP2-Cre-ERT2 prevents against high-fat diet-induced gain weight and adiposity in female mice. Acta
Physiol (Oxf). 2014; 211: 585–96.
39. Momken I, Chabowski A, Dirkx E, Nabben M, Jain S, Glatz J, et al. A new leptin-mediated mechanism
for stimulating fatty acid oxidation: a pivotal role for sarcolemmal FAT/CD36. Biochem J. 2016; 474:
149–162. https://doi.org/10.1042/BCJ20160804 PMID: 27827305
40. Knudsen JG, Bertholdt L, Joensen E, Lassen SB, Hidalgo J, Pilegaard H. Skeletal muscle interleukin-6
regulates metabolic factors in iWAT during HFD and exercise training. Obesity (Silver Spring). 2015;
23: 1616–24.
41. Shi H, Clegg DJ. Sex differences in the regulation of body weight. Physiol Behav. 2009; 97: 199–204.
https://doi.org/10.1016/j.physbeh.2009.02.017 PMID: 19250944
42. Ibrahimi A, Bonen A, Blinn WD, Hajri T, Li X, Zhong K, et al. Muscle-specific overexpression of FAT/
CD36 enhances fatty acid oxidation by contracting muscle, reduces plasma triglycerides and fatty
acids, and increases plasma glucose and insulin. J Biol Chem. 1999; 274: 26761–6. PMID: 10480880
Muscle IL-6 in gender-specific metabolism
PLOS ONE | https://doi.org/10.1371/journal.pone.0173675 March 20, 2017 19 / 20
43. Febbraio M, Abumrad NA, Hajjar DP, Sharma K, Cheng W, Pearce SF, et al. A null mutation in murine
CD36 reveals an important role in fatty acid and lipoprotein metabolism. J Biol Chem. American Society
for Biochemistry and Molecular Biology; 1999; 274: 19055–62. PMID: 10383407
44. Furuhashi M, Hotamisligil GS. Fatty acid-binding proteins: role in metabolic diseases and potential as
drug targets. Nat Rev Drug Discov. Nature Publishing Group; 2008; 7: 489–503. https://doi.org/10.
1038/nrd2589 PMID: 18511927
45. Bastida CM, Cremades A, Castells MT, Lo´pez-Contreras AJ, Lo´pez-Garcı´a C, Sa´nchez-Mas J, et al.
Sexual dimorphism of ornithine decarboxylase in the mouse adrenal: influence of polyamine deprivation
on catecholamine and corticoid levels. Am J Physiol Endocrinol Metab. 2007; 292: E1010–7. https://doi.
org/10.1152/ajpendo.00316.2006 PMID: 17148758
46. Malendowicz LK, Robba C, Nussdorfer GG. Sex differences in adrenocortical structure and function.
XXII. Light- and electron-microscopic morphometric studies on the effects of gonadectomy and gonadal
hormone replacement on the rat adrenal cortex. Cell Tissue Res. 1986; 244: 141–5. PMID: 3698084
47. Jefcoate C. High-flux mitochondrial cholesterol trafficking, a specialized function of the adrenal cortex. J
Clin Invest. 2002; 110: 881–90. https://doi.org/10.1172/JCI16771 PMID: 12370263
48. Stocco DM, Wang X, Jo Y, Manna PR. Multiple signaling pathways regulating steroidogenesis and ste-
roidogenic acute regulatory protein expression: more complicated than we thought. Mol Endocrinol.
2005; 19: 2647–59. https://doi.org/10.1210/me.2004-0532 PMID: 15831519
49. Ariyoshi N, Kim YC, Artemenko I, Bhattacharyya KK, Jefcoate CR. Characterization of the rat Star gene
that encodes the predominant 3.5-kilobase pair mRNA. ACTH stimulation of adrenal steroids in vivo
precedes elevation of Star mRNA and protein. J Biol Chem. 1998; 273: 7610–9. PMID: 9516465
50. Allen TL, Febbraio MA. IL6 as a mediator of insulin resistance: fat or fiction? Diabetologia. 2010; 53:
399–402. https://doi.org/10.1007/s00125-009-1627-x PMID: 20012010
51. Pedersen BK, Febbraio MA. Point: Interleukin-6 does have a beneficial role in insulin sensitivity and glu-
cose homeostasis. J Appl Physiol. 2007; 102: 814–6. https://doi.org/10.1152/japplphysiol.01208.2006
PMID: 17068210
Muscle IL-6 in gender-specific metabolism
PLOS ONE | https://doi.org/10.1371/journal.pone.0173675 March 20, 2017 20 / 20
